A 32-year-old man presented to his local emergency department with a sudden onset of palpitations and was found to be in atrial flutter at a ventricular rate of 145 bpm. He spontaneously converted to sinus rhythm in the emergency department. In sinus rhythm, he was asymptomatic, and his physical examination demonstrated no jugular venous distention, a fixed split second heart sound, and a I/VI early peaking systolic ejection murmur loudest over the left upper sternal border. His ECG demonstrated sinus rhythm with an incomplete right bundle branch block.
Clinical Vignette
A 32-year-old man presented to his local emergency department with a sudden onset of palpitations and was found to be in atrial flutter at a ventricular rate of 145 bpm. He spontaneously converted to sinus rhythm in the emergency department. In sinus rhythm, he was asymptomatic, and his physical examination demonstrated no jugular venous distention, a fixed split second heart sound, and a I/VI early peaking systolic ejection murmur loudest over the left upper sternal border. His ECG demonstrated sinus rhythm with an incomplete right bundle branch block.
A transthoracic echocardiogram (TTE) was performed to assess for structural heart disease given his episode of atrial flutter, physical examination, and ECG findings. His TTE demonstrated a moderately dilated right ventricle (RV) based on qualitative assessment ( Figure 1 ). Once a dilated RV was identified, the rest of the echocardiographic examination paid particular attention to identifying causes for his RV dilation (Table 1 ). There was evidence of RV volume overload with no evidence of RV pressure overload ( Figure 2 ). No obvious cause for RV volume loading was identified with structurally normal right-sided valves, only mild tricuspid regurgitation and trace pulmonary regurgitation. The intra-atrial septum was not well seen, but there was no obvious atrial-level shunt. The tricuspid regurgitant jet was consistent with a right ventricular systolic pressure within normal limits ruling out RV pressure overload. There were no regions of focal RV akinesis or dyskinesis to suggest arrhythmogenic RV cardiomyopathy.
The intra-atrial septum can be difficult to interrogate in adults by TTE, and patients with unexplained RV volume overload should undergo further diagnostic testing to rule out anomalous pulmonary venous drainage and an atriallevel shunt. 1 A transesophageal echocardiogram (TEE) was performed to better assess the atrial septal region. TEE demonstrated an intact atrial septum with a deficiency in the wall that normally separates the right pulmonary veins from the superior vena cava (SVC) and the right atrium. Left-to-right flow from the unroofed pulmonary vein to the SVC was seen ( Figure 3 ) consistent with a sinus venosus defect.
A cardiac magnetic resonance (CMR) study was performed to better assess cardiac anatomy. Special attention was paid to identify abnormal pulmonary venous drainage of right upper pulmonary veins into the SVC because this is often associated with superior sinus defects and cannot always been seen by TEE, particularly if the anomalous pulmonary veins connect high in the SVC. A 3-dimensional (3D) cardiac and respiratory-gated inversion recovery fast low angle shot magnetic resonance angiogram (MRA) after gadofosveset contrast injection enabled good delineation of cardiovascular anatomy. It confirmed the presence of a superior sinus venous defect with the right middle pulmonary vein connecting to the posterior portion of the SVC at the level of the sinus venous defect at the right atrial-SVC junction ( Figure 4 ). There was also anomalous pulmonary venous drainage of the right upper pulmonary vein into the SVC at the level of the right pulmonary artery.
CMR confirmed that the RV was moderately dilated measuring 132 mL/m 2 ( Figure 5 ) with normal RV systolic function (RV ejection fraction 64%). Phase contrast imaging demonstrated left-to-right flow from the right upper and right middle pulmonary veins to the superior vena cava ( Figure 6 ). Flow in the main pulmonary artery compared with the flow through the aortic valve demonstrated a Qp/ Qs 2.1 consistent with a hemodynamically significant leftto-right shunt.
The patient underwent a 2-patch repair closing the sinus venosus defect between the posterior aspect of the SVC and the right middle pulmonary vein and baffling the right upper pulmonary vein to the left atrium. The surgery was uncomplicated, his RV decreased in size after the surgery, and he had no further episodes of atrial flutter.
Discussion
The RV is affected by numerous acquired and congenital heart diseases, and investigating the cause of RV dilation has become a common indication for advanced cardiac imaging. The differential diagnosis of RV dilation is fairly broad, and one must consider causes of RV volume or pressure overload, as well as RV cardiomyopathy and infarction. Imaging modalities can be complementary, and more than one may be needed to adequately assess RV structure, volumes, and systolic function. Knowing the strengths and limitations of each modality and optimization of techniques allows for identification of RV dilation and dysfunction and determination of the cause, as indicated in Table 1 . Imaging Dilated Right Ventricle
Transthoracic Echocardiography
The TTE is often the initial imaging modality performed to assess for structural heart disease and, therefore, RV dilation is often first detected by TTE. RV dilation can be assessed qualitatively by TTE by identifying a larger RV dimension compared with left ventricle (LV) dimension in the standard apical 4-chamber view. 2 Quantitative measurements of RV dilation are reported in an apical 4-chamber RV-focused view. The RV-focused 4-chamber view demonstrates the maximal diameter of the RV without foreshortening the longitudinal axis by ensuring that the crux and apex of the heart are in view. As the RV dilates, the RV apex progressively replaces the LV as the true apex of the heart. A RV basal diameter >42 mm, a mid cavity diameter >35 mm, and longitudinal dimension >86 mm indicate RV enlargement. 2 The patient presented in this clinical vignette meets quantitative criteria for RV dilation ( Figure 1) .
Although TTE provides an initial imaging modality to assess the RV, the morphology of the RV can be difficult to visualize by TTE, given its thin wall and anterior position in the chest. Assessment of RV size and function by TTE remains particularly challenging because of peculiar morphology of the RV. Measurements by TTE depend on probe location. The complex geometric morphology of the RV with the RV forming a crescent around the LV does not allow geometric assumptions that apply to the LV to apply to the RV. The basal, mid, and longitudinal dimensions only consider a section of the RV and do not take into account RV volume contained in the right ventricular outflow tract (RVOT), which can represent ≤25% of the volume of the RV. 3 Because of these limitations, qualitative assessment of RV size and systolic function by TTE is limited by significant interobserver variability. RV size estimated by TTE both under-and overestimates RV size with poor correlation between estimates of RV function by TTE and the gold standard of RV volume assessment, CMR. 4 Moderate-to-poor agreement exists between 2D TTE measurements and CMR, with assessment of RV size by most 2D parameters being smaller than that by CMR assessments. RV size assessments by 2D echocardiography are even less accurate compared with CMR in patients with congenital heart disease with dilated RVs. 5 Quantification of RV systolic function by 2D echocardiography can be evaluated by several parameters including RV fractional area change and tricuspid annular plane systolic excursion. Fractional area change involves subtracting the end systolic volume from the end diastolic volume of the RV from the apical 4-chamber view. Fractional area change <35% indicates RV systolic dysfunction. Fractional area change measurements are often limited by inability to detect the RV endocardium and do not take into account the function of the RVOT. Tricuspid annular plane systolic excursion measures the longitudinal displacement of the basal RV free wall/tricuspid annular plane junction. Tricuspid annular plane systolic excursion demonstrates close correlation with RVEF determined by radionucleotide angiography. 6 Tricuspid annular plane systolic excursion correlates with RVEF assessed by CMR in patients with congenital heart disease, 7 but it does not correlate with RVEF in patients with congenital heart disease after surgical repair. Echo speckle-tracking techniques assess cardiac deformation and strain that detect systolic changes not detected by ejection fraction alone. Speckle tracking enables assessment of both global and regional strain and is feasible to assess the RV. 9 Global strain rate correlated positively with RVEF assessed by CMR in patients with congenital heart disease with RVs that pump to the systemic circulation. 10 Differentiating the cause of RV dilation involves identifying the presence of RV volume or pressure overload. The interventricular septal morphology in the parasternal shortaxis view can identify these physiological states. In a pressure-loaded RV, particularly if chronic, the RV free wall and trabeculations are hypertrophied, and the ventricular septum is flatter than usual in systole. 11 In RV volume overload, the ventricular septum may show diastolic flattening. Either pressure or volume loading or both can lead to prolongation of RV systole relative to that of the LV leading to a period of overlap between RV systole and LV early diastole resulting in The possibility of more than one contributing factor should be kept in mind. Absent pericardium should also be considered if the cardiac border is displaced toward the left chest wall. ASD indicates atrial septal defect; CMR, cardiac magnetic resonance; CTPE, CT to assess for pulmonary embolism; PA, pulmonary artery; RV, right ventricle; TEE, transeosphageal echocardiogram; and TTE, transthoracic echocardiogram. Imaging Dilated Right Ventricle a characteristic leftward bounce of the septum at the onset of LV diastole. An estimate of RV pressure can also be calculated from the peak tricuspid regurgitation jet velocity by Doppler echocardiography, using the simplified Bernoulli equation with the addition of the estimate of right atrial pressure.
As in our case, when RV volume overload is present (Figure 2 ), TTE should help define the cause of RV volume overload. In particular, right-sided valve regurgitation, tricuspid and pulmonary regurgitation, and the presence of left-toright atrial-level shunts should be assessed. Although TTE can be used for the initial evaluation of atrial-level defects in adults, image quality does not always permit a comprehensive evaluation of the atrial septum, and the systemic and pulmonary venous connections and advanced imaging modalities are frequently required. 12 If RV pressure overload is identified, consider a congenital abnormality forcing the RV to pump to the systemic circulation in the form of congenitally corrected transposition of the great arteries involving ventricular inversion or transposition of the great vessels with atrial switch surgery (Mustard or Senning repair). Right ventricular outflow tract obstruction, severe pulmonary valve stenosis, or severe pulmonary artery stenosis should be assessed by TTE because these abnormalities can cause RV hypertension. In the absence of obstruction to RV outflow, pulmonary hypertension should be considered.
3D Echocardiography
3D echocardiography allows for the assessment of RV volume and systolic function without the need for geometric assumptions that limit assessment of RV size using 2D echocardiography techniques. 5 The 3D echocardiography acquisition ideally involves obtaining a wide-angled acquisition from an adapted apical four-chamber view that contains the entire RV. 13 Effort should be made to include the tricuspid valve, apex, and the RVOT within the full volume by moving the transducer medially and tilting the transducer cranially and anteriorally to include the pulmonary valve.
14 Once 3D echocardiography volumes are acquired, commercially available software packages are available for endocardial delineation of the RV. Endocardial delineation of the RV can be challenging because of prominent trabeculations, the moderator band, and anterior papillary muscles. Manual correction of semiautomatic endocardial delineation improves the accuracy of assessment of RV volumes by 3D echocardiography. 15 Normal values (Table 2) . Although 3D echocardiography improves the accuracy of RV size assessment compared with 2D echocardiography assessments, 3D echocardiography continues to underestimate RV volumes compared with CMR. [17] [18] [19] The RVOT is often insufficiently visualized in the 3D volume.
20 3D echocardiography is also often limited by poor echocardiography windows and endocardial delineation is challenging because of trabeculated RV and limited spatial resolution of the thin-walled RV. 3D echocardiography has the advantage of being relatively inexpensive, fast, and can be done at bedside. Unlike CMR, 3D echocardiography is not limited by the presence of ferrous implants such as pacemakers and no contrast agents are required.
Transeosphageal Echocardiography
Patients with unexplained RV volume overload based on TTE should undergo further diagnostic studies to rule out atriallevel shunts. 1 When a high level of suspicion exists for an ASD such an in this clinical vignette with evidence of a dilated RV, unexplained RV volume overload, and physical examination findings of ASD such as a fixed split S2, TEE, and CMR are useful techniques for advanced diagnostic imaging. TEE provides exceptional imaging of the atrial septum 12 and can clearly define defects in the atrial septum such as atrial secundum and primum defects and can also identify atrial-level shunts that do not occur within the atrial septum such as sinus venosus defects and coronary sinus defects. 21 Superior sinus venosus defects result from a deficiency in the wall that normally separates the right pulmonary veins from the SVC and There is a sinus venosus defect with the right middle pulmonary vein connecting to the posterior portion of the superior vena cava (SVC) at the level of the sinus venous defect and anomalous pulmonary venous drainage of the right upper pulmonary vein into the SVC at the level of the right pulmonary artery below the azygous (A) vein. LA indicates left atrium; RA, right atrium; RV, right ventricle; RMPV, right middle pulmonary vein; and RUPV, right upper pulmonary vein. *Sinus venosus defect. Imaging Dilated Right Ventricle the right atrium. This deficiency unroofs the right pulmonary veins, permitting them to drain into the SVC or into the right atrium. 22 TEE identifies this region well and differentiates atrial septal defects from sinus venosus defects 21 particularly by using the mideosophagel bicaval view (Figure 3 ).
Cardiac Magnetic Resonance
CMR remains the reference standard for assessing RV pathology, assessing pulmonary venous drainage, quantifying RV size and systolic function, and quantifying the amount of shunting. 23, 24 In contrast to 2D echocardiography, CMR also has excellent inter-and intraobserver reproducibility for RV size and function measurements. 25 Cine images acquired by CMR in a ventricular short-axis steady-state free procession stack covering the entire ventricle from the base to the apex allow the interpreter to contour the ventricular slices in enddiastole and end-systole to calculate the end diastolic and end systolic volumes and calculate the ejection fraction by Simpson rule. The entire ventricular volume between the tricuspid valve to the pulmonary valve, including the RVOT, should be included in the RV volume. When obtaining the RV short-axis stack, it is important to remember that when the RV dilates, the RV becomes apex forming and can form a shoulder at the base that may extend above the level of the tricuspid valve annulus ( Figure 5B ). It is essential that the entire ventricular volume is included such that RV volume is not underestimated. RV Contouring of the RV volume can also be performed in the axial orientation. In fact, in patients with congenital heart disease, the interobserver variability of the RV end systolic volume is slightly better using measurements from an axial rather than a short-axis acquisition. In patients with severe RV dilation, RV stroke volume correlated with stroke volume obtained from forward flow in the pulmonary trunk slightly better when using axial contours compared with short-axis contours. 27 The disadvantage of using axial orientation to calculate RV volumes is the need to also obtain a ventricular short-axis stack to calculate LV volumes.
Once the presence of RV dilation is established, CMR can also comprehensively define RV morphology and cardiac anatomy to assess the cause of RV dilation. CMR is the standard of care for assessing RV morphology and tissue characterization for defining ischemic and nonischemic cardiac disease that cause RV dilation. Right ventricular cardiomyopathies can cause RV dilation with the most common being arrhythmogenic right ventricular cardiomyopathy. The major diagnostic criteria for arrhythmogenic right ventricular cardiomyopathy include CMR findings such as RV dilation or systolic dysfunction and regional RV dysfunction including RV akinesis or dyskinesis. 28 Although no longer part of the diagnostic criteria, tissue characterization for fatty-fibrous infiltrates can also be assessed by CMR. RV infarction can also be assessed by CMR by assessing for delayed gadolinium enhancement in the RV after a myocardial infarction. 24 CMR can also define the anatomy for congenital heart disease 23 and assess for acquired causes of right-sided valve CMR indicates cardiac magnetic resonance; PE, pulmonary embolism; RV, right ventricle; RVEDV, right ventricular end diastolic volume; RVEF, right ventricular ejection fraction; RVESV, right ventricular end systolic volume; RVOT, right ventricular outflow tract; TAPSE, tricuspid annular plane systolic excursion; and TTE, transthoracic echocardiogram. Imaging Dilated Right Ventricle disease causing RV dilation. Cine images prescribed through the atrial septum can define the presence atrial septal defects ( Figure 7 ). Cine images, particularly gradient echo cine imaging, can provide a qualitative perspective on the presence of pulmonary or tricuspid regurgitation. Steady-state free-procession imaging provides higher signal-to-noise ratio than gradient echo, generally resulting in improved visualization of valve anatomy, with delineation of regurgitant jets by loss of signal. Gradient echo image acquisitions, with longer echocardiography times, can be more sensitive for identification rather than quantification of flow disturbances. 29 Three-dimensional CMR angiographic acquisitions, using both non-contrast-enhanced and contrast-enhanced protocols, enable visualization of the systemic venous, pulmonary venous, and aortic anatomy, structures that may not be well seen by echocardiography. Multiple 3D MRA techniques exist including first-pass contrast-enhanced MRA where image acquisition occurs during peak enhancement of the vasculature of interest and time-resolved MRA with rapid sequential imaging of the heart, enabling the sequence of cardiovascular opacification to be shown. More recently, cardiac and respiratory-gated 3D MRA techniques allow for higher spatial resolution imaging. Three-dimensional steady-state free procession acquisitions, both with and without contrast, and inversion recovery fast low angle shot acquisitions, as used in our case vignette (Figure 4) , have proved valuable in defining anatomy in congenital heart disease. 30 Phase-contrast flow-velocity mapping allows for the quantification of flow that aids in assessment of causes of RV dilation. Valve regurgitation fraction can be calculated to quantify pulmonary and tricuspid regurgitation. 31 In patients with concern for an atrial-level shunt, Qp/Qs can be calculated to determine shunt fraction. 32 Visualizing flow across an atrial level shunt can help define the location and size of shunts ( Figure 6 ). In patients with concern for RV dilation, a standard CMR examination including cine, tissue characterization, phase-contrast velocity mapping, and MRA techniques can often be obtained in a single CMR study generally requiring <1 hour to perform.
Advanced CMR techniques can also be used to assess RV function and mechanics. CMR-tagging techniques provide a noninvasive means for studying RV wall motion and strain by tracking deformation of parallel lines or grids of saturated magnetization on the myocardium throughout the cardiac cycle. Standard 2D-tagging techniques cannot assess deformation and motion through the image plane, whereas 3D-tagging techniques capture deformation of the ventricle in 3 dimensions. 33 Assessment of strain by tagging requires offline analysis with 3D tagging involving extensive postprocessing. Other limitations of tagging techniques include the fading of tag lines over the cardiac cycle and the thin wall of the RV relative to tag spacing limiting the accuracy of this technique.
Strain-encoded magnetic resonance imaging involves creating invisible tags in the through-plane direction created by producing 2 images with different frequency modulations, or tunings, with bright regions on the high and low tuning images representing contracting and static images, respectively. 34 Strain-encoded imaging has better spatial and temporal resolution compared with traditional tagging techniques, making it a better sequence for assessing the thin-walled RV, and additional time-consuming postprocessing is not required. RV strain can be assessed by strain-encoded with excellent interobserver agreement. 35 Displacement encoding with stimulated echoes (DENSE) techniques also measure myocardial displacement and strain. DENSE encodes tissue displacement into the image phase within the cardiac cycle allowing for detection of tissue motion at a pixel level. These techniques have been performed in 3D 36 and have been applied to the RV. 37 DENSE is limited by low signal-to-noise ratio because of stimulated echoes and particularly because of through-plane dephasing. The scan time is long, and manual contouring is required.
Cardiac CT
CMR is the standard of care for assessing RV size and function; however, for patients who have contraindications to CMR or who cannot tolerate the length of time required to perform a CMR, consider gated cardiac CT. RV size and systolic function can be quantified by Simpson rule using short-axis slices covering the ventricles similar to CMR. Using second-generation dual-source CT, RV size and systolic function correlated well with CMR. 38 The newer generation CT scanners allow for prospectively acquired tube current modulation such that full tube current is only applied at end systole and end diastole, limiting radiation exposure while still ensuring high resolution for the key images requiring contouring.
To optimize imaging the RV, a split-bolus protocol involving injection of undiluted contrast immediately followed by an injection of 70%/30% contrast/saline mixture followed by a saline chaser better enhances the RV and reduces streak artifacts. RV endocardium is better defined by this technique improving quantification of RV size and function compared with other contrast injection protocols including just strait undilated contrast injection or undilated contrast followed by saline chaser. 39 In patients with clinical concern for acute pulmonary embolism or evidence of RV pressure overload where the differential diagnosis includes chronic thromboembolic pulmonary hypertension, CT is the reference standard for the diagnosis of acute and chronic thromboembolic disease. Contrast-enhanced multidetector computed tomography obtain isotropic, submillimeter spatial resolution and can detect filling defects from the main pulmonary artery to the subsegmental pulmonary arteries. 40 Cardiac CT has the advantage of high spatial resolution and can define cardiac and vascular anatomy. Cardiac CT has the advantage of faster image acquisition compared with CMR and patients with non-CMR-compatible pacemakers or implants can safely undergo CTA. The disadvantage of CTA is the requirement for ionizing radiation, reduced temporal resolution compared with CMR, and inability to calculate flow directly.
Conclusions
RV dilation can be caused by a broad range of diseases including conditions such as volume load or pressure load of the RV, RV cardiomyopathies, or RV infarction. Different imaging techniques can contribute to the assessment of RV structure, RV volumes, and function. Knowing the relative strengths and Figure 7 . Cardiac magnetic resonance acquisitions to visualize each of 5 types of atrial-level defects with corresponding morphological appearances (black arrows). Contiguous stacks of both transaxial and atrial short-axis cines are recommended, slice thickness 5 mm. Of these, the transaxial stack visualizes better a superior sinus venosus defect, any anomalous pulmonary veins, or an ostium primum defect, adjacent to the atrioventricular junction. The atrial short-axis stack is better for visualizing ostium secundum or inferior sinus venosus defects, or an unroofed coronary sinus. It is aligned parallel to the routine ventricular short-axis stack, but stepping backward from the atrioventricular junction to the superior vena cava. A 4-chamber cine (green bar) can also be aligned to show a primum or a secundum atrial septal defect. In each case, ventricular volumes and aortic and main pulmonary artery flows should be measured, and flow through the atrial septal imaged. If a left superior vena cava (LSVC) is present, all long-axis cines should be checked for visibility of the dilated coronary sinus to which it should drain. Its lack of visibility can be a sign of unroofing of the coronary sinus in that region, associated LSVC drainage to the left atrium, and interatrial communication. Imaging Dilated Right Ventricle appropriate acquisition methods of the main imaging modalities can expedite reliable diagnosis and assessment of patients presenting with RV dilation. This should include the assessment of RV size, function, evidence of possible RV volume or pressure loading, quantification of any shunting or valve dysfunction, and adequate visualization of possible associated congenital cardiovascular malformations.
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